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Abstract
Ecosystem CO2 and N2O exchanges between soils and the atmosphere play an important
role in climate warming and global carbon and nitrogen cycling; however, it is still not
clear whether the fluxes of these two greenhouse gases are correlated at the ecosystem
scale. We collected 143 pairs of ecosystem CO2 and N2O exchanges between soils and the
atmosphere measured simultaneously in eight ecosystems around the world and devel-
oped relationships between soil CO2 and N2O fluxes. Significant linear regressions of
soil CO2 and N2O fluxes were found for all eight ecosystems; the highest slope occurred
in rice paddies and the lowest in temperate grasslands. We also found the dominant role
of growing season on the relationship of annual CO2 and N2O fluxes. No significant
relationship between soil CO2 and N2O fluxes was found across all eight ecosystem
types. The estimated annual global N2O emission based on our findings is
13.31 TgNyr1 with a range of 8.19–18.43TgNyr1 for 1980–2000, of which cropland
contributes nearly 30%. Our findings demonstrated that stoichiometric relationships may
work on ecological functions at the ecosystem level. The relationship of soil N2O and
CO2 fluxes developed here could be helpful in biogeochemical modeling and large-scale
estimations of soil CO2 and N2O fluxes.
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Introduction
Carbon dioxide (CO2) and nitrous oxide (N2O) are two
important greenhouse gases, which account for 56%
and 7%, respectively, of the ongoing greenhouse effect
(Rodhe, 1990; Myhre et al., 1998; Baede et al., 2001). As
the largest carbon and nitrogen pool in terrestrial eco-
systems (Bolin et al., 1979; Chapin et al., 2002), soils act
as a source or sink for carbon and nitrogen gases (Raich
& Schlesinger, 1992; Bouwman et al., 1995; Tian et al.,
1998), and contribute remarkably to the CO2 and N2O
variations in the atmosphere (Baede et al., 2001). The
CO2 flux from soils to the atmosphere (i.e. soil respira-
tion) is the sum of microbial respiration, root respiration
and bulk soil respiration. The major process, microbial
respiration, is mainly mediated by soil microorganisms
that decompose soil organic matter (Raich & Schle-
singer, 1992; Schimel & Gulledge, 1998; Hui & Luo,
2004). N2O flux is the difference of N2O production and
consumption in soils, of which microbial processes of
nitrification and denitrification are dominant sources
for N2O, while only denitrification was recognized as a
significant biological consumptive fate for N2O (Fire-
stone & Davidson, 1989; Conrad, 1996). As these pro-
cesses release carbon and/or nitrogen gases back to the
atmosphere, investigating their relationship and the
underlying mechanisms is very important in improving
our understanding of global carbon and nitrogen
cycling and provides useful information in global eco-
system modeling (McGuire et al., 2001; Tian et al., 2003).
In plant, microbe, and soil communities, organic
carbon is usually combined covalently with nitrogen,
forming a covalent bond of C–N. Therefore, C :N ratios
are relatively constant within plant tissues, soil, and
microbial biomass (stoichemistry theory). For example,
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C:N ratios are about 10 in microbial biomass, 25 in the
soil, 50 in plant leaves, and 80 in leaf litters (Chapin
et al., 2002; McGroddy et al., 2004). When soil organic
matter and root litter are decomposed by soil micro-
organisms, it is reasonable to expect that the main
products, CO2 and N2O, are correlated at individual
sites. Indeed, a number of studies have reported a
significant linear correlation between CO2 and N2O
exchanges at the site level, for example, linear correla-
tions have been found in agricultural (Burford & Brem-
ner, 1975; Dorsh et al., 2004; Zou et al., 2004), agroforestry
(Millar & Baggs, 2005), tropical rain forest (Garcia-Mon-
tiel et al., 2002; Kim et al., 2002) and typical temperate
grassland soils (Dong et al., 2000), and tropical forest soil
under slash-and-burn regimes (Ishizuka et al., 2002). We
hypothesize that a significant linear relationship of CO2
and N2O fluxes exist at the ecosystem level; however,
few studies have been conducted to investigate this
relationship. Significant correlations of CO2 and N2O
fluxes were reported in the Amazonian tropical rain
forest, but nearly half of the measurements used in the
study came from one site (Garcia-Montiel et al., 2002,
2004). It is still not clear whether the correlation between
soil CO2 and N2O fluxes exists at the ecosystem level.
CO2 and N2O emissions from soils vary more at the
time scale of a day or a month than at an annual scale
(Brumme et al., 1999). Soil CO2 emissions are usually
larger in the growing season because of higher carbon
inputs from plant photosynthesis and more suitable
microclimatic environment in soils for microbial de-
composition (Chapin et al., 2002). Temporal variability
of soil N2O emissions is governed by climatic condi-
tions, soil nitrogen, and vegetation types (Brumme et al.,
1999). How the combination of CO2 and N2O varies at
different time scales is an important issue for precise
understanding and accurate estimation of carbon and
nitrogen exchange at the ecosystem level.
Estimation of N2O fluxes on a larger spatial scale is of
increasing concern not only because of its importance in
climate warming but also for its high uncertainty.
Estimates of greenhouse gases using empirical relation-
ships between ecosystem types and fluxes have been
postulated in 1989 (Matson et al., 1989), yet no research
has been conducted for relating N2O emissions to other
ecosystem fluxes. The empirical model developed by
Raich et al. (2002) is one climate-driven simple way to
estimate global soil respiration and averages over ve-
getation and soil types; it has been validated on most
ecosystems except wetlands (Raich et al., 2002). So, it is
highly possible to estimate the global N2O emissions
using the empirical relationship between soil respira-
tion and N2O.
The overall goal of this study was to test the hypoth-
esis that the relationship of CO2 and N2O exchanges
between soils and the atmosphere exists at the ecosys-
tem level around the world. Consequently, we explored
the possible underlying mechanisms of the relationship
of soil CO2 and N2O fluxes. We also determined the
temporal variation of the relationship of CO2 and N2O
fluxes in a dry land crop ecosystem. Combining the
empirical model (Raich et al., 2002) with the relation-
ships developed in this paper, we further estimated the
mean annual global background N2O emission from
soils for the period from 1980 to 2000.
Materials and methods
Data collection
To test the hypothesis, we collected 143 pairs of ecosys-
tem CO2 and N2O emissions from soils to the atmo-
sphere measured simultaneously in the field based on
published accounts between 1986 and 2007. For dry
cropland (such as wheat and maize), fertilizer-induced
N2O emissions are usually larger than background
fluxes (Bouwman et al., 2002) and alter the relationship
of background soil CO2 and N2O fluxes, so we excluded
measurements with mentioned fertilizer applications in
current or previous years. Fertilized rice paddies were
not excluded due to a lower fertilizer application rate
and low fertilizer-induced N2O emissions (Yan et al.,
2003). As a wide variety of techniques have been
applied to the measurement of CO2 and N2O fluxes
from soils, methodological differences may bring in
uncertainties in data comparison (Schlesinger, 1977;
Singh & Gupta, 1977; Raich & Nadelhoffer, 1989); we
only included those data measured with advanced
techniques including the dark chamber-gas chromato-
graphy and the infra-red gas analyzers. We also ex-
cluded measurements from disturbed soil cores (Raich
& Schlesinger, 1992), and disturbed field sites, for
example, drained sites (Arnold et al., 2005a, b), and
those obtained solely in the winter months. The final
data we used in the analysis included 143 data points
reported in 47 papers (see the Appendix S1). Negative
values of CO2 and N2O fluxes mean uptake by terres-
trial soils, and positive values mean emissions from
terrestrial soils.
We classified the collected data using the following
method: first, all observations were put into certain
ecosystem types if the authors provided the vegetation
type; if the authors did not provide this information, we
assigned an ecosystem type based on the latitude and
longitude, and corresponding ecosystem type from
vegetation maps (Ramankutty & Foley, 1999); the other
data were put into corresponding ecosystem types
based on the dominant vegetation.
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Each pair of data represents the mean value of fluxes
over a specific time period or field site, for example,
different kinds of bogs and fens at different observation
time periods (Laine et al., 1996), or sites (Sommerfeld
et al., 1993). For most of the data, the measurements
were conducted for more than 1 month, and some
lasted over a growing season or a year. Thus, this
dataset represents ecosystem CO2 and N2O exchanges
between soils and the atmosphere covering a large
range of spatial and temporal heterogeneity in climate,
vegetation, and soils.
Data analysis
For each ecosystem, we developed a relationship of
N2O and CO2 fluxes using a linear regression equation:
FN2O ¼ aþ b FCO2 ; ð1Þ
where a and b are the intercept and slope and FN2O and
FCO2 are the ecosystem N2O and CO2 exchanges be-
tween soils and the atmosphere, respectively. All the
statistical analyses were conducted using the SAS soft-
ware package (Version 9.1) for WINDOWS.
Estimation of global N2O fluxes
As an implication, we combined the linear regression
equation developed in this paper with an empirical
climate-driven soil respiration model derived by Raich
et al. (2002) and its corresponding vegetation map to
estimate the monthly mean global N2O fluxes from 1980
to 2000. According to Raich et al. (2002), soil respiration
could be estimated as follows:
FCO2 ¼ 1:250 eð0:05452TaÞ 
P
4:259þ P ;
thus N2O flux could be calculated as
FN2O ¼
X8
i¼1
Xni
cell¼1
½ðbi  FCO2Þ þ ai
¼
X8
i¼1
Xni
cell¼1
bi 1:250 e
ð0:05452TaÞ  P
4:259þ P
 
þ ai
 
;
ð2Þ
where ai, bi, and FN2O are the same as in Eqn (1), ni is the
total number of cells in the ecosystem i, and Ta and P are
the monthly mean air temperature and precipitation,
respectively. We calculated the N2O emission for each
cell based on its soil respiration, ecosystem type, grid
area, and the corresponding equation, and then
summed all the grid cells to get the total N2O emission
rate.
The climatic dataset was derived from the CRU
(Climatic Research Unit) dataset developed by Mitchell
& Jones (2005), and the global distribution of vegetation
at 0.51 0.51 resolution was summarized by Raman-
kutty & Foley (1999), in which the distribution of major
crops was summarized by Leff et al. (2004).
Results
Soil CO2 and N2O fluxes were significantly correlated in
all eight ecosystems (Fig. 1). Approximately 52–84% of
the variation of N2O flux could be explained by CO2
flux (Table 1). Synchronized changes in soil N2O and
CO2 indicated coupling of carbon and nitrogen cycles in
terrestrial soils. This result was consistent with other
site-level studies (e.g. Dong et al., 2000; Garcia-Montiel
et al., 2002; Kim et al., 2002; Dorsh et al., 2004; Zou et al.,
2004; Millar & Baggs, 2005). A laboratory incubation
experiment also showed a positive relationship between
N2O and CO2 fluxes from marsh soils (Xu et al., 2005).
However, no significant relationship between N2O and
CO2 fluxes was found across the eight ecosystems.
As the relationship between CO2 and N2O may vary
at different time scales, we addressed this issue by
analyzing a dataset published by Adviento-Borbe et al.
(2007). We separated the data into growing season,
nongrowing season, and whole year. The linear rela-
tionship between CO2 and N2O fluxes was found in the
growing seasons and at the time scale of 1 year (Fig. 2).
However, we did not find a significant relationship
during the winter months (nongrowing season) (Fig.
2). We further investigated temporal variations of the
CO2–N2O relationship and tested if there was a differ-
ence in slopes and intercepts of the regression equation
for the growing season, nongrowing season, and annual
data using ANOVA (Hui et al., 2003). We did not find the
significant difference in the slopes between annual and
growing season fluxes (P5 0.7507), or growing season
and nongrowing season fluxes (P5 0.3081), yet we
found a significant difference in slopes between annual
data and nongrowing season (P5 0.0254). No signifi-
cant difference in intercepts among the data for all three
phases was found. This result suggests that the growing
season dominates the relationship between annual CO2
and N2O fluxes and their absolute values. The CO2 and
N2O fluxes may be strongly correlated at a longer time
scale, which is consistent with the theory of hierarchy
control of the N2O fluxes (Brumme et al., 1999) and CO2
fluxes (Chapin et al., 2002). At this scale, the state factors
rather than the seasonal climate condition dominate the
gas exchanges (Brumme et al., 1999; Chapin et al., 2002).
The temporal variation of the relationship indicated
that it was suitable to exclude winter fluxes in organiz-
ing a dataset combining annual data and observations
in a growing season.
Combining the regression equations of soil N2O and
CO2 fluxes developed in this study with the empirical
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Fig. 1 Linear regression of soil N2O and CO2 fluxes within eight terrestrial ecosystem types: (a) bogs and fens; (b) boreal and temperate
forests; (c) temperate grasslands; (d) dry cropland; (e) rice paddy; (f) tropical savanna and grassland; (g) subtropical and tropical dry
forests; (h) subtropical and tropical moist forests.
Table 1 Statistical parameters for the linear relationship between N2O and CO2 for eight ecosystem types as estimated from
field data
Ecosystem type Slope Interception N R2 P
Bogs and fens 0.2181 3.7694 22 0.7993 o0.0001
Boreal and temperate forest 0.1979 0.5981 25 0.6598 o0.0001
Temperate grassland 0.0172 0.8596 19 0.52 0.0005
Dry cropland 0.1629 5.3551 12 0.7862 0.0001
Rice paddy 0.6629 8.6262 10 0.7895 0.0006
Tropical savanna and grassland 0.0713 1.1376 6 0.8378 0.01045
Subtropical and tropical dry forest 0.1817 19.5508 11 0.7031 0.0013
Subtropical and tropical moist forest 0.0688 6.5585 38 0.68 o0.0001
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model for soil respiration (Raich et al., 2002), we esti-
mated global mean annual N2O emission from terres-
trial soil, except ice and desert, at 13.31 TgNyr1 with a
range of 8.19–18.43 TgNyr1 for 1980–2000 when we
used the 95% confidence interval of slopes and inter-
cepts for all ecosystems (data not shown). The N2O flux
from soils worldwide shows a large spatial variation
(Fig. 3), the three major N2O sources are South Africa,
South America and Southeast Asia. Because the empiri-
cal model developed by Raich et al. (2002) has not been
validated for wetlands, we compared our calculated
N2O fluxes with field observations in the Sanjiang Plain,
China, to verify our approach on wetlands (Fig. 4). The
field monthly climatic data were used for calculating
background N2O emissions. A strong agreement be-
tween observations and modeled results was found,
which suggests that the model is reliable to be applied
on wetlands (Fig. 4).
For the eight ecosystem types, croplands including
dry croplands and rice paddies accounted nearly 30% of
the global background N2O emission, of which rice
paddies emitted 1.56 TgNyr1, and dry cropland
2.39 TgNyr1 worldwide. Boreal and temperate forests
emitted 2.97 TgNyr1 for 1980–2000 due to large area.
Tropical savanna, subtropical/tropical dry forest, and
subtropical/tropical moist forest released 1.52, 1.47, and
2.55 TgN2O-Nyr
1, respectively. The bogs and fens and
temperate grasslands emitted small amount of nitrous
oxide due to a weak N2O flux rate, 0.23 and
0.59 TgNyr1 (Table 2).
Discussion
Even though a similar linear correlation between CO2
and N2O fluxes occurred in each ecosystem, the slopes
and intercepts of linear regression equations for N2O–
CO2 relationships varied among ecosystems. Slopes
reflect the possible shifts of N2O flux along with
changes in soil CO2 emission. In regard to the slope,
rice paddy soils had the highest value of 0.6629, and the
slope in temperate grassland soils was the lowest
(0.0172). Relatively, we could classify these slopes into
three categories: high class (0.6229 for rice paddy),
medium class (0.2181 for bogs and fens, 0.1979 for
boreal and temperate forests, 0.1629 for dry cropland,
and 0.1817 for subtropical and tropical dry forests), and
low class (0.0172 for temperate grassland, 0.0713 for
tropical savanna, and 0.0688 for subtropical and tropical
moist forests). The variation in slope may reflect the
differences in soil carbon and nitrogen composition, as
well as the heterogeneity in vegetation, climate, and soil
environmental conditions. For example, the highest
slope (0.6629) in rice paddy soil was due to the fact
that it emits relatively a great amount of N2O because of
high O2 concentration in the root zone (Davidson et al.,
1991) and the sufficient nitrogen (Xing et al., 2002);
however, soil respiration is very small due to the
relative slow carbon decomposition and mineralization
under flooding conditions (Carter, 1996). Meanwhile,
the medium-class slopes were due to relatively little
CO2 coupling with low N2O fluxes (bogs and fens,
boreal and temperate forest), or large N2O coupling
with high CO2 fluxes (dry cropland, subtropical and
tropical dry forest). The small slopes occurred because
of the coupling of low N2O with relatively large CO2
Fig. 2 Relationship between CO2 and N2O emissions from
cropland soil at different time scales [data were extracted from
Adviento-Borbe et al. (2007); solid triangle is nongrowing season
with one outlier shown as open triangle, solid rectangle is the
growing season, and open circle is the annual value].
Fig. 3 Validation of N2O emissions from marsh in the Sanjiang
Plain, China (N47.591, E133.511). Observation data (year 2004)
were obtained from Song et al. (2007).
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fluxes (temperate grassland), or the coupling of very
small N2O with low CO2 fluxes (tropical savanna and
grassland), or the coupling of large N2O with very high
CO2 fluxes (tropical and subtropical moist forest). In
fact, the N2O emitted from the tropical savanna and
grassland was very small relative to CO2 emissions,
because the dry soil microenvironment in the tropical
savanna and grassland increased the O2 availability for
relatively high soil organic matter decomposition, thus
a high CO2 emission rate (Raich & Schlesinger, 1992) but
very low denitrification and low N2O emission (Wil-
liams et al., 1992).
The intercepts of linear regression stand for the
possible N2O flux when CO2 flux is zero, which is the
background N2O flux noncorrelated to soil respiration.
The negative intercept of the linear relationship for bogs
and fens indicated the possible N2O uptake when soil
respiration was minimal, which was consistent with the
very low N2O efflux (Martikainen et al., 1993) or N2O
uptake for boreal wetland in winter (Wang et al., 2006).
Actually, one study conducted in the Sanjiang Plain in
China reported very low rates of CO2 emission accom-
panying small N2O uptake during winter season, and
relatively high CO2 efflux related to N2O emissions in
the growing season (Wang et al., 2006). The negative
intercept for the dry cropland may be caused by a large
increase in CO2 emission and small change in N2O flux.
The positive intercepts for the other six ecosystems
imply the N2O efflux from soils when CO2 flux is very
low, which is supported by a number of studies (Dong
et al., 2000; Davidson et al., 2004; Tang et al., 2006).
The carbon–nitrogen interaction is the foundation for
carbon–nitrogen coupling at the ecosystem level (Reich
et al., 2006; Tian et al., 2006). The CO2–N2O correlation at
the ecosystem scale could be reached through several
mechanisms, such as shared substrates, dependency on
the availability of labile nitrogen and soluble carbon
(Bollmann & Conrad, 1998), concurrent production
through microbial processes, and common controlling
factors including soil water content, temperature, and
O2 availability (Burford & Bremner, 1975; Garcia-Mon-
tiel et al., 2001, 2002, 2004; Azam et al., 2002; Chapin
et al., 2002). Firstly, both labile nitrogen and soluble
carbon directly influence microbial processes of N2O
and CO2 production (Conrad, 1996). The shared sub-
strates and controlling factors of microbial processes for
N2O and CO2 production could be the major reasons for
a significant CO2–N2O relationship (Williams et al.,
1992; Azam et al., 2002). Secondly, tight and propor-
tional carbon and nitrogen biogeochemical processes
support the relationship (Van et al., 1984; Brooks et al.,
Fig. 4 Mean annual soil N2O emissions worldwide for 1980–2000 at a 0.51 by 0.51 resolution as estimated by the relationship of CO2 and
N2O and an empirical model.
Table 2 N2O emissions from eight ecosystems across Earth’s
land surface as estimated by an empirical model
Ecosystem type
N2O emission
(TgNyr1)
Bogs and fens 0.23
Boreal and temperate forest 2.97
Temperate grasslands 0.59
Dry cropland 1.58
Rice paddy 2.39
Tropical savanna and grassland 1.52
Subtropical and tropical dry forest 1.47
Subtropical and tropical moist forest 2.55
Total terrestrial emission 13.31
1656 X . X U et al.
r 2008 The Authors
Journal compilation r 2008 Blackwell Publishing Ltd, Global Change Biology, 14, 1651–1660
1997). Soil carbon cycling is influenced by nitrogen
cycling, and vice versa (Chapin et al., 2002). Finally,
the same environmental condition will produce similar
impacts on the microbial activities responsible for pro-
duction and consumption of CO2 and N2O (Firestone &
Davidson, 1989), which leads to close linkages of CO2
emissions and N2O fluxes from soils (Brooks et al.,
1997). Garcia-Montiel et al. (2002) explained the positive
relationship between CO2 and N2O as the impact of O2
availability in soil microsites. The higher CO2 emission
rate indicates greater decomposition, consuming oxy-
gen and creating the anaerobic conditions, which is
favorable for N2O production via denitrification (Alex-
ander, 1961; Goreau et al., 1980; Garcia-Montiel et al.,
2002).
Using the most available data, we found significant
linear relationships of soil CO2 and N2O fluxes within
the eight different ecosystems. While the general rela-
tionships were strong in all ecosystems, there was still
about 16–48% of the variation in N2O fluxes that could
be caused by uncertainties due to insufficient field
measurement data, nonuniform geographic distribution
of available data, and soil CO2 flux measurement meth-
odologies. For example, the flux data were mainly
concentrated in Western Europe (Martikainen et al.,
1995; Laine et al., 1996; Saarnio et al., 1997; Alm et al.,
1999). The bogs and fens in Russia, which occupy a
great deal of boreal wetlands around the world, do not
have available data and could not be included in our
analysis. Data measured at some sites were only avail-
able for the growing season, which may cause certain
biases in the annual estimations. Measurements of soil
CO2 fluxes included both microbial and root respira-
tion, of which root respiration may not be correlated
with soil nitrification and denitrification. Separating
microbial from total soil respiration may improve the
relationship of CO2 and N2O fluxes. The long-term field
observations covering all ecosystems are needed for
better understanding of large-scale carbon and nitrogen
interaction.
Deriving the relationship of N2O flux with other soil
properties is a simple, yet valuable approach to estimate
N2O emissions at national and global scales (Klemedts-
son et al., 2005). In this study, the estimated mean
annual global N2O emission for 1980–2000 was
13.31TgNyr1 with a range of 8.19–18.43 TgNyr1,
which was consistent with previous studies. Diverse
estimates were reported for natural and cultivated
soils, for example, 7–16TgN2O-Nyr
1 (Bowden, 1986),
3–25TgN2O-Nyr
1 (Banin, 1986), 39 TgN2O-Nyr
1
(Seiler & Conrad, 1987), 2.8–7.7 TgN2O-Nyr
1 (Watson
et al., 1992), 4.6–15.9 TgNyr1 (Mosier et al., 1998;
Kroeze et al., 1999) or 6.4–16.8 TgNyr1 (Olivier et al.,
1999). IPCC reported that the N2O emissions are
9.6 TgNyr1 from natural ecosystems and 8.1 TgNyr1
from anthropogenic sources (Ehhalt et al., 2001). Liu
(1996) estimated the global background N2O emission
as 11.33 TgNyr1 using a process-based model revised
from DNDC; Nevison et al. (1996) estimated the global
N2O emission as 9.5 TgNyr
1 from natural and mana-
ged soil using a nitrogen biosphere model. The slightly
higher estimate of N2O in our study may be due to the
higher soil respiration estimated using the method of
Raich et al. (2002) and the inclusion of cropland, or some
fluxes from rice paddies altered by fertilizer application.
The main N2O source centers are in Central and South
Africa next to the Sahara Desert, South America, and
Southeast Asia, which is consistent with Liu’s model
results (1996) and others’ studies (e.g. Melillo et al.,
2001). The quantitative and spatial agreement of the
relationship-derived N2O emission with other studies
supports the validity of our findings. Therefore, the
relationships between soil N2O and CO2 fluxes can be
used to improve our ability to estimate and predict N2O
emissions from soil and provide a simple method to
scale and map N2O emission in terrestrial ecosystems at
regional or global scale.
Conclusions
Using 143 site measurements of soil CO2 and N2O
fluxes in eight terrestrial ecosystems, we found statisti-
cally significant positive linear correlations of ecosys-
tem CO2 and N2O exchanges between soils and the
atmosphere at the ecosystem level. The convergence
in these relationships among different ecosystems
reflected tight coupling of soil carbon and nitrogen
cycling and similar impacts on carbon and nitrogen
processes from environmental factors in terrestrial eco-
systems.
To our knowledge, this analysis provides the first
synthesis of the relationship of ecosystem CO2 and
N2O exchanges at large spatial scales. The information
provided in this study is helpful in several respects.
Firstly, it confirmed that stoichiometric theory may not
only work at individual sites, but also work on ecosys-
tem functioning within each ecosystem at large spatial
scale. Secondly, the statistically significant correlations
between soil CO2 and N2O fluxes could be used for
large-scale trace gas estimations. Finally, the relation-
ship developed here could be incorporated into large-
scale biogeochemical models or used to validate model
results. Considering the importance of CO2 and N2O
fluxes in global carbon and nitrogen cycling, their
relationships and the influencing factors merit further
study.
R E LAT I ON SH I P O F CO 2 AND N 2O F LUX E S 1657
r 2008 The Authors
Journal compilation r 2008 Blackwell Publishing Ltd, Global Change Biology, 14, 1651–1660
Acknowledgements
This research has been supported by NASA Interdisciplinary
Science Program (NNG04GM39C), Chinese Academy of Science
Oversea Distinguished Scholar Program, and NSFC Interna-
tional Cooperative Program (40128005). We thank Dr Art Chap-
pelka, Dr Chris Anderson, and three anonymous reviewers for
their critical comments and suggestions.
References
Adviento-Borbe M, Haddix M, Binder D, Walters D, Dobermann
A (2007) Soil greenhouse gas fluxes and global warming
potential in four high-yielding maize systems. Global Change
Biology, 13, 1972–1988.
Alexander M (1961) Introduction to Soil Microbiology. Wiley, New
York, USA.
Alm J, Sanna S, Hannu N, Jouko S, Martikaine P (1999) Winter
CO2, CH4, and N2O fluxes on some natural and drained boreal
peatlands. Biogeochemistry, 44, 163–186.
Arnold K, Nilsson M, Hanell B, Weslien P, Klemedtsson L
(2005b) Fluxes of CO2, CH4 and N2O from drained organic
soils in deciduous forests. Soil Biology and Biochemistry, 37,
1059–1071.
Arnold K, Weslien P, Nilsson M, Svensson B, Klemedtsson L
(2005a) Fluxes of CO2, CH4 and N2O from drained coniferous
forests on organic soils. Forest Ecology and Management, 210,
239–254.
Azam F, Muller C, Weiske A, Benckiser G, Ottow J (2002)
Nitrification and denitrification as sources of atmospheric
nitrous oxide role of oxidizable carbon and applied nitrogen.
Biology and Fertility of Soils, 35, 54–61.
Baede A, Ahlonsou E, Ding Y, Schimel D, Bolin B, Pollonais S (2001)
The climate system: an overview. In: IPCC Report 2001 (eds
Houghton JT, Ding Y, Griggs DJ et al.), pp. 87–98. Cambridge
University Press, Cambridge, UK and New York, NY, USA.
Banin A (1986) Global budget of N2O: the role of soils and their
change. Science of Total Environment, 55, 27–38.
Bolin B, Degens E, Duvigneaud P, Kempe S (1979) The global
biogeochemical carbon cycle. In: SCOPE 13 (eds Bolin B,
Degens ET, Kempe S, Ketner P), pp. 1–56. Wiley, Chichester,
UK.
Bollmann A, Conrad R (1998) Influence of O2 availability on NO
and N2O release by nitrification and denitrification in soils.
Global Change Biology, 4, 387–396.
Bouwman A, Boumans L, Batjes N (2002) Emissions of N2O and
NO from fertilized fields: summary of available measurement
data. Global Biogeochemical Cycles, 16, 1058, doi: 10.1029/
2001GB001811.
Bouwman A, Van der H, Olivier J (1995) Uncertainties in the
global source distribution of nitrous oxide. Journal of Geophy-
sical Research, 100, 2785–2800.
Bowden W (1986) Gaseous nitrogen emissions from undisturbed
terrestrial ecosystems: an assessment of their impact on local
and global nitrogen budgets. Biogeochemistry, 2, 249–279.
Brooks P, Schmidt S, Williams M (1997) Winter production of
CO2 and N2O from alpine tundra: environmental controls and
relationship to inter-system C and N fluxes. Oecologia, 110,
403–413.
Brumme R, Borken W, Finke S (1999) Hierarchical control on
nitrous oxide emissions in forest ecosystems. Global Biogeo-
chemical Cycles, 13, 1137–1148.
Burford J, Bremner J (1975) Relationships between the denitrifi-
cation capacities of soils and total, water-soluble and readily
decomposable soil organic matter. Soil Biology and Biochemistry,
7, 389–394.
Carter M (1996) Analysis of soil organic matter storage in
agroecosystems. In: Structure and Organic Matter Storage in
Agricultural Soils (eds Carter MR, Stewart BA), pp. 3–11. CRC
Lewis, Boca Raton, FL.
Chapin F, Matson P, Mooney H (2002) Principles of Terrestrial
Ecosystem Ecology. SpringerVerlag, New York.
Conrad R (1996) Soil microorganisms as controllers of atmo-
spheric trace gases (H2, CO, CH4, OCS, N2O, and NO).
Microbiological Reviews, 60, 609–640.
Davidson E, Ishida F, Nepstad D (2004) Effects of an experi-
mental drought on soil emissions of carbon dioxide, methane,
nitrous oxide, and nitric oxide in a moist tropical forest. Global
Change Biology, 10, 718–730.
Davidson E, Vitousek P, Matson P, Garcia-Mendez G, Maass J (1991)
Soil emissions of nitric oxide in a seasonally dry tropical forest of
Mexico. Journal of Geophysical Research, 96, 15439–15445.
Dong Y, Zhang S, Qi Y, Chen Z, Geng Y (2000) Fluxes of CO2, N2O
and CH4 from a typical temperate grassland in Inner Mongolia
and its daily variation. Chinese Science Bulletin, 45, 1590–1594.
Dorsh P, Palojarvi A, Mommertz S (2004) Overwinter greenhouse
gas fluxes in two contrasting agricultural habitats. Nutrient
Cycling in Agroecosystems, 70, 117–133.
Ehhalt D, Prather M, Dentener F et al. (2001) Atmospheric chem-
istry and greenhouse gases. In: IPCC Report 2001 (eds Hought-
on JT, Ding Y, Griggs DJ et al.), pp. 241–280. Cambridge
University Press, Cambridge, UK and New York, NY, USA.
Firestone M, Davidson E (1989) Microbiological basis of NO and
N2O production and consumption in soil. In: Exchange of Trace
Gases Between Terrestrial Ecosystems and the Atmosphere (eds
Andreae MO, Schimel DS), pp. 7–21. Wiley, Chichester.
Garcia-Montiel D, Melillo J, Steudler P et al. (2004) Emissions of
N2O and CO2 from forests in Rondoˆnia, Brazil. Ecological
Applications, 14, 214–220.
Garcia-Montiel D, Melillo J, Steudler P, Neill C, Feigl B, Cerri C
(2002) Relationship between N2O and CO2 emissions from the
Amazon Basin. Geophysical Research Letter, 29, GB3012, doi:
10.1029/2002GL013830.
Garcia-Montiel D, Steudler P, Piccolo M, Melillo J, Neill C, Cerri
C (2001) Controls on soil nitrogen oxide emissions from forest
and pastures in the Brazilian Amazon. Global Biogeochemical
Cycles, 15, 1021–1030.
Goreau T, Kaplan W, Wofsy S, McElroy M, Valois F, Watson S
(1980) Production of NO2 and N2O by denitrifying bacteria at
reduced concentrations of oxygen. Applied and Environmental
Microbiology, 40, 526–531.
Hui D, Luo Y (2004) Evaluation of soil CO2 production and transport
in Duke Forest using a process-based modeling approach. Global
Biogeochemical Cycles, 18, GB4029, doi: 10.1029/2004GB002297.
Hui D, Luo Y, Katul G (2003) Partitioning interannual variability
in net ecosystem exchange into climatic variability and func-
tional change. Tree Physiology, 23, 433–442.
1658 X . X U et al.
r 2008 The Authors
Journal compilation r 2008 Blackwell Publishing Ltd, Global Change Biology, 14, 1651–1660
Ishizuka S, Tsuruta H, Murdiyarso D (2002) An intensive field
study on CO2, CH4, and N2O emissions from soils at four land-
use types in Sumatra, Indonesia. Global Biogeochemical Cycles,
16, 1049, doi: 10.1029/2001GB001614.
Kim D, Harazono Y, Baten M, Nagai H, Tsuruta H (2002) Surface
flux measurements of CO2 and N2O from a dried rice paddy in
Japan during a fallow winter season. Journal of Air and Waste
Management Association, 52, 416–422.
Klemedtsson L, Arnold K, Weslien P, Gundersen P (2005) Soil
CN ratio as a scalar parameter to predict nitrous oxide emis-
sions. Global Change Biology, 11, 1142–1147.
Kroeze C, Mosier A, Bouwman L (1999) Closing the global N2O
budget: a retrospective analysis 1500–1994. Global Biogeochem-
ical Cycles, 13, 1–8.
Laine J, Silvola J, Alm J et al. (1996) Effect of water level draw-
down in northern peatlands on the global climatic warming.
Ambio, 25, 179–184.
Leff B, Ramankutty N, Foley JA (2004) Geographic distribution
of major crops across the world. Global Biogeochemical Cycles,
18, GB1009, doi: 10.1029/2003GB002108.
Liu Y (1996) Modeling the emissions of nitrous oxide and methane
from the terrestrial biosphere to the atmosphere. PhD dissertation,
Massachusetts Institute of Technology.
Martikainen P, Nyka¨nen H, Alm J, Silvola J (1995) Change in
fluxes of carbon dioxide, methane and nitrous oxide due to
forest drainage of mire sites of different trophy. Plant and Soil,
168/169, 571–577.
Martikainen P, Nyka¨nen H, Crill P, Silvola J (1993) Effect of a
lowered water table on nitrous oxide fluxes from northern
peatlands. Nature, 366, 51–53.
Matson P, Vitousek P, Schimel S (1989) Regional extrapolation of
trace gas flux based on soils and ecosystems. In: Exchange of
Trace Gases Between Terrestrial Ecosystems and the Atmosphere
(eds Andreae M, Schimel D), pp. 97–108. Springer-Verlag, New
York.
McGroddy M, Daufresne T, Hedin L (2004) Scaling of C:N:P
stoichiometry in forests worldwide: implications of terrestrial
Redfield-type ratios. Ecology, 85, 2390–2401.
McGuire A, Sitch S, Clein J et al. (2001) Carbon balance of the
terrestrial biosphere in the twentieth century: analyses of CO2,
climate and land-use effects with four process-based ecosys-
tem models. Global Biogeochemical Cycles, 15, 183–206.
Melillo J, Steudler P, Feigl B, Neill C, Garcia D, Piccolo M, Cerri
C, Tian H (2001) Nitrous oxide emissions from forests and
pastures of various ages in the Brazilian Amazon. Journal of
Geophysical Research, 106, 34,179–34,188.
Millar N, Baggs E (2005) Relationships between N2O emissions
and water-soluble C and N contents of agroforestry residues
after their addition to soil. Soil Biology and Biochemistry, 37,
605–608.
Mitchell T, Jones P (2005) An improved method of constructing a
database of monthly climate observations and associated
high-resolution grids. International Journal of Climatology, 25,
693–712.
Mosier A, Kroeze C, Nevison C, Oenema O, Seitzinger S,
Cleemput O (1998) Closing the global N2O budget: nitrous
oxide emissions through the agricultural nitrogen cycle –
OECD/IPCC/IEA phase II development of IPCC guidelines
for national greenhouse gas inventory methodology. Nutrient
Cycling in Agroecosystems, 52, 225–248.
Myhre G, Highwood E, Shine K, Stordal F (1998) New estimates
of radiative forcing due to well mixed greenhouse gases.
Geophysical Research Letters, 25, 2715–2718.
Nevison C, Esser G, Holland E (1996) A global model of chan-
ging N2O emissions from natural and perturbed soils. Climatic
Change, 32, 327–378.
Olivier J, Bouwman A, Berdowski J, Veldt C, Bloos J, Visschedijk
A, van M, Zandveld P (1999) Sectoral emission inventories of
greenhouse gases for 1990 on a per country basis as well as on
1 1. Environment Science Policy, 2, 241–263.
Raich J, Nadelhoffer K (1989) Belowground carbon allocation in
forest ecosystems: global trends. Ecology, 70, 1346–1354.
Raich J, Potter C, Bhagawati D (2002) Interannual variability
in global soil respiration, 1980–1994. Global Change Biology, 8,
800–812.
Raich J, Schlesinger W (1992) The global carbon dioxide flux in
soil respiration and its relationship to vegetation and climate.
Tellus, 44B, 81–99.
Ramankutty N, Foley J (1999) Estimating historical changes in
global land cove: croplands from 1700 to 1992. Global Biogeo-
chemical Cycles, 13, 997–1027.
Reich P, Hungate B, Luo Y (2006) Carbon–nitrogen interactions
in terrestrial ecosystems in response to rising atmospheric
carbon dioxide. Annual Review of Ecology, Evolution, and Sys-
tematics, 37, 611–636.
Rodhe H (1990) A comparison of the contribution of various
gases to the greenhouse effect. Science, 248, 1217–1219.
Saarnio S, Alm J, Silvola J, Lohila A, Nykanen H, Martikainen P
(1997) Seasonal variation in CH4 emissions and production
and oxidation potentials at microsites on an oligotrophic pine
fen. Oecologia, 110, 414–422.
Schimel J, Gulledge J (1998) Microbial community structure and
global trace gases. Global Change Biology, 4, 745–758.
Schlesinger W (1977) Carbon balance in terrestrial detritus.
Annual Review of Ecology and Systematics, 8, 51–81.
Seiler W, Conrad R (1987) Contribution of tropical ecosystems to
the global budget of trace gases, especially CH4, H2, CO and
N2O. In: The Geophysiology of Amazonia (ed. Dickinson RE),
Wiley, New York.
Singh J, Gupta S (1977) Plant decomposition and soil respiration
in terrestrial ecosystem. Botany Review, 43, 449–528.
Sommerfeld R, Mosier A, Musselman R (1993) CO2, CH4 and
N2O flux through a Wyoming snowpack and implications for
global budgets. Nature, 361, 140–142.
Song C, Zhang J, Wang Y, Wang Y, Zhao Z (2007) Emission
of CO2, CH4 and N2O from freshwater marsh in
northeast of China. Journal of Environmental Management,
doi: 10.1016/j.jenvman.2007.03.030.
Tang X, Liu S, Zhou G, Zhang D, Zhou C (2006) Soil–atmospheric
exchange of CO2, CH4, and N2O in three subtropical forest
ecosystems in southern China. Global Change Biology, 12, 546–
560.
Tian H, Melillo J, Kicklighter D, McGuire A, Helfrich J, Moore B,
Vorosmarty C (1998) Effect of interannual climate variability
on carbon storage in Amazonian ecosystems. Nature, 396,
663–667.
R E LAT I ON SH I P O F CO 2 AND N 2O F LUX E S 1659
r 2008 The Authors
Journal compilation r 2008 Blackwell Publishing Ltd, Global Change Biology, 14, 1651–1660
Tian H, Melillo J, Kicklighter D, Pan S, Liu J, McGuire A, Moore
III (2003) Regional carbon dynamics in monsoon Asia and its
implications for the global carbon cycle. Global and Planetary
Change, 37, 201–217.
Tian H, Wang S, Liu J, Pan S, Chen H, Zhang C, Shi X (2006)
Patterns of soil nitrogen storage in China. Global Biogeochemical
Cycles, 20, GB1001, doi: 10.1029/2005GB002464.
Van V, Ladd J, Frissel M (1984) Modeling C and N turnover
through the microbial biomass in soil. Plant and Soil, 76, 257–
274.
Wang Y, Zheng X, Song C, Zhao Z (2006) Characteristics of CH4,
N2O exchange between wetland and atmosphere in the San-
jiang Plain. Geographical Research, 25, 457–467 (in Chinese with
English abstract).
Watson R, Meiro L, Sanhueza E, Janetos A (1992) Sources and
sinks. In: Climate Change 1992, the Supplementary Report to the
IPPC Scientific Assessment (eds Houghton JT, Callander BA,
Varney SK), pp. 25–46. Cambridge University Press, Cam-
bridge.
Williams E, Hutchinson G, Fehsenfeld F (1992) NOX and N2O
emissions from soil. Global Biogeochemical Cycles, 6, 351–388.
Xing G, Cao Y, Shi S, Sun G, Du L, Zhu J (2002) Denitrification in
underground saturated soil in a rice paddy region. Soil Biology
and Biochemistry, 34, 1593–1598.
Xu X, Song C, Song X (2005) Linking of microorganisms to CO2,
CH4, and N2O dynamics in Calamagrostis angustifolia rhizo-
sphere soil. Acta Ecologica Sinica, 25, 182–187.
Yan X, Akimoto H, Ohara T (2003) Estimation of nitrous oxide,
nitric oxide and ammonia emissions from croplands in East,
Southeast and South Asia. Global Change Biology, 9, 1080–1096.
Zou J, Huang Y, Zong L, Zheng X, Wang Y (2004) Carbon
dioxide, methane, and nitrous oxide emissions from a rice–
wheat rotation as affected by crop residue. Advances in Atmo-
sphere Sciences, 21, 691–698.
Supplementary material
The following material is available for this article online:
Appendix S1. Global Soil CO2 and N2O flux dataset.
This material is available as part of the online article from
http://www.blackwell-synergy.com/doi/abs/10.1111/
j.1365-2486.2008.01595.x.
Please note that Blackwell Publishing is not responsible for
the content or functionality of any supplementary materi-
als supplied by the authors. Any queries (other than
missing material) should be directed to the corresponding
author for the article.?
1660 X . X U et al.
r 2008 The Authors
Journal compilation r 2008 Blackwell Publishing Ltd, Global Change Biology, 14, 1651–1660
